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Abstract
Apicomplexan parasites are single eukaryotic cells with a highly polarised secretory system that contains unique
secretory organelles (micronemes and rhoptries) that are required for host cell invasion. In contrast, the role of the
endosomal system is poorly understood in these parasites. With many typical endocytic factors missing, we
speculated that endocytosis depends exclusively on a clathrin-mediated mechanism. Intriguingly, in Toxoplasma
gondii we were only able to observe the endogenous clathrin heavy chain 1 (CHC1) at the Golgi, but not at the
parasite surface. For the functional characterisation of Toxoplasma gondii CHC1 we generated parasite mutants
conditionally expressing the dominant negative clathrin Hub fragment and demonstrate that CHC1 is essential for
vesicle formation at the trans-Golgi network. Consequently, the functional ablation of CHC1 results in Golgi
aberrations, a block in the biogenesis of the unique secretory microneme and rhoptry organelles, and of the pellicle.
However, we found no morphological evidence for clathrin mediating endocytosis in these parasites and speculate
that they remodelled their vesicular trafficking system to adapt to an intracellular lifestyle.
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Introduction
Apicomplexan parasites are obligate intracellular parasites
that usually reside within a non-fusogenic parasitophorous
vacuole [1], where they replicate. In the case of Toxoplasma
gondii (T. gondii), this parasitophorous vacuole is highly
permeable for molecules up to 1.9 kDa [2]. While the parasite
expresses several transporters facilitating uptake of nutrients
[3], the role of endocytic uptake mechanisms is unclear.
Coat-dependent intracellular vesicle trafficking is an
evolutionary conserved feature of eukaryotic cells to maintain a
continuous cargo flow between the plasma membrane and
intracellular compartments which ensures their integrity and
exchange with their environment [4]. Transport vesicle
formation on donor membranes depends on coat proteins
which selectively incorporate cargo into vesicles and provide a
scaffold for vesicle budding [5]. Clathrin is the prototype vesicle
coat protein functioning in protein sorting at endosomal
membranes and at the trans-Golgi network (TGN) [6–9]. It
forms a three-legged hexameric protein complex in the
cytoplasm termed triskelion which represents its functional unit.
Triskelia self-assemble at appropriate membranes into a
polyhedral clathrate coat which drives clathrin-coated vesicle
(CCV) formation and cycle between their assembled
membrane-bound and disassembled cytoplasmic state [6].
Clathrin itself is incapable of binding to membranes or cargo
directly. Membrane recruitment and cargo specificity rely on
compartment-specific adaptor proteins (APs) linking the inner
membrane-embedded cargo to the outer clathrin cage [10].
Their specificity to both can be enhanced by additional binding
of multiple accessory proteins. AP1 and AP2 are classical
adapters interacting with clathrin at the TGN and plasma
membrane respectively [11]. Three more AP complexes (AP3-
AP5) have been identified to date sharing structural similarities
and similarities in complex assembly with AP1 and AP2.
Curiously, several highly conserved endocytic factors are
absent in apicomplexan parasites, such as the secondary loss
of critical components of the ESCRT machinery in several
Apicomplexa or multiple losses of adaptins across the phylum
[12,13]. Furthermore, recent data demonstrate that factors
typically involved in endocytosis and endosomal recycling,
such as dynamins [14,15], Rab-GTPases [16-18] and retromer
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[19] are involved in specialised functions during the biogenesis
of the unique apicomplexan organelles, such as the secretory
organelles (micronemes and rhoptries) or the Inner Membrane
Complex (IMC). Furthermore, caveolin-dependent endocytosis
is absent in T. gondii [20,21].
Therefore, the existence of endocytosis in apicomplexan
parasites is still a matter of debate. In T. gondii, several reports
claim the need of endocytic mechanisms to take up metabolites
and fluid-phase markers [22-25] possibly via the micropore
[26], a cytostome-like structure. However, no mechanistic data
have been described so far and there is scant evidence of
clathrin being involved. In T. gondii clathrin-like coats have
been repeatedly observed by electron microscopy on vesicles
at the TGN [27] ( D.J.P. Ferguson, personal communication;
see also Figure 1 Fi). In malaria parasites Golgi derived CCVs
have been described by ultrastructural analysis [28].
To shed light on this controversy and to build a bridge to
current findings in other eukaryotes, we studied clathrin
localisation and function in T. gondii. We generated mutants
conditionally expressing a dominant negative version of CHC1,
the so called Hub fragment [6]. We demonstrate that clathrin is
predominantly found at the TGN with no obvious localisation at
the surface including the micropore. Upon expression of Hub
we find that protein trafficking through the Golgi/TGN is
blocked, resulting in parasites lacking micronemes and
rhoptries and with abnormal pellicle formation. Furthermore,
mutant parasites exhibit an efficient block in replication,
indicating a critical role of CHC1 during mitosis and cytokinesis.
In contrast, based on localisation and morphology, we did not
find evidence that CHC1 functions in endocytosis.
Results
Generation of a putative clathrin interactome suggests
a role of CHC1 at the Golgi
We identified a single gene for CHC1 in the genome of
apicomplexan parasites that is highly conserved (Figure S1).
For example, T. gondii CHC1 (TGME49_090950) encodes a
predicted protein of 1731 residues (194 kDa) and shows 44%
identity to human clathrin. The function and interaction partners
of CHC1 have been best studied in ophistokonts, such as
yeast, and complex CHC1 interactomes have been established
that can be accessed via the Saccharomyces Genome
Database (SGD; www.yeastgenome.org). Given that CHC1
functions as a central molecule in vesicle formation of endo-
and exocytosis which is conserved in all eukaryotes, we were
interested how a putative CHC1 interactome in T. gondii relates
to the identified interaction factors in yeast (Figure 1 A). All
interactors of CHC1 catalogued at SGD as having been
confirmed either genetically or physically were used to build a
putative interactome. Each interactor was subsequently
subjected to multiple BLAST analyses to identify corresponding
homologs in T. gondii and other apicomplexans. A summary of
this comparison is depicted in Figure 1 A, with green symbols
conserved in T. gondii, orange symbols conserved in most
eukaryotes, and red symbols indicating fungi specific
interactors. Although it cannot be excluded that some
interactors are highly diverged, this analysis suggests that most
interactors required for CHC1 function in TGN transport, such
as the retromer, are conserved in ophistokonts and
apicomplexans. Similarly, interactors required for mitosis and
replication are highly conserved (see also Table S2). In
contrast, there appears to be a paucity of interactors normally
involved in endocytic uptake, such as essential components of
the ESCRT complex or actin binding proteins that are required
for endocytosis (Figure 1 A).
CHC1 localises to the TGN
For the characterisation of T. gondii CHC1 we generated a
construct that leads to C-terminal tagging with an HA-FLAG
epitope tag. Transfection into Δku80 knockout parasites [29]
results in C-terminal tagging of endogenous chc1. We
confirmed homologous integration by PCR analysis (Figure 1
C). As expected, HA-FLAG tagged CHC1 (CHC1-HA) is
expressed with a molecular weight of approximately 195 kDa
(Figure 1 D). We performed localisation studies, taking
advantage of the HA-FLAG tag and found that CHC1-HA is
localised to a region apical to the nucleus indicative of the TGN
(Figure 1 E and 1 F). Colocalisation analysis with the Golgi
marker GRASP-RFP [30] and DrpB [15] confirmed that CHC1
significantly colocalises with endogenous DrpB (R = 0.7 ± 0.5)
and resides like DrpB in juxtaposition but limited colocalisation
with GRASP-RFP (R = 0.2 ± 0.5) (Figure 1F). In contrast, we
were unable to detect CHC1-HA associated with the surface of
freshly invaded or further intracellular developed parasites
(Figure 1 D and 1 E). Specifically, no colocalisation with IMC1
has been observed (R = 0.04 ± 0.1) (Figure 1 E). Taken
together, these results indicate a role of CHC1 in trans-Golgi
network vesicle transport.
We analysed the location of clathrin and CCVs in detail by
electron microscopy (EM; Figure 2 A). In routinely processed
parasites, CCVs were readily identified in the trans-Golgi area
but not in other regions of tachyzoites (Figure 2 A). When
similar stages were examined by immunoelectron microscopy
(IEM) a number of gold particles were localised in the trans-
Golgi region (Figure 2 B) coinciding with CCV structures. This
was consistent in over 30 appropriately sectioned parasites. A
similar location was also observed in daughters during
endodyogeny (Figure 2 C). On rare occasions a few gold
particles could be identified close to the pellicle (Figure 2 C) but
there was no evidence of gold particles associated neither with
plasma membranes nor micropores. These observations of
clathrin-coated pits and positively stained vesicles at the TGN
is in good agreement with light microscopy localisation of
CHC1-HA.
Functional ablation of CHC1 results in multiple defects
in organellar biogenesis
We took advantage of the ddFKBP-system that allows rapid
regulation of protein levels [31] and expressed the CHC1 Hub
fragment, that can efficiently block clathrin function in a
dominant negative fashion [6,32], N-terminally tagged with
ddFKBP-myc (DD-Hub; Figure 3 A and 3 B).
Efficient regulation of DD-Hub was achieved as soon as 6
hours after addition of the inducer Shield-1 as seen in
immunofluorescence analysis (Figure 3 B) and western blot
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Figure 1.  Clathrin interactome and localisation in T. gondii.  (A) Putative clathrin interactome with green symbols conserved in
T. gondii, orange symbols conserved in most eukaryotes and red symbols indicating fungi specific interactors. For details see also
Table S1. (B) Schematics of the chc1 endogenous ha tagging construct and its integration into the genomic chc1 locus. UTR,
untranslated region. (C) Analytical PCR on genomic DNA using oligos indicated as orange arrows in (B). The obtained 1484 bp
confirms endogenous tagging of chc1. (D) Immunoblot of indicated parasite lines probed with anti-HA, anti-Catalase, and anti-
Aldolase antibodies. Catalase and aldolase were used as loading controls. (E and F) Immunofluorescence analysis of endogenously
chc1 tagged parasites with indicated antibodies. CHC1-HA shows no colocalisation with IMC1 (E) and predominantly accumulates
apical to the nucleus (E and F). It colocalises with DrpB and resides like DrpB adjacent to the trans-Golgi weakly overlapping with
GRASP-RFP. (F). R, Pearson correlation coefficient ± SD averaged for the indicated number (n) of parasites. Scale bars represent
1 μm and 10 μm in (E) and 10 μm in (F). Inlets show twofold enlargements of the indicated area.
doi: 10.1371/journal.pone.0077620.g001
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Figure 2.  Ultrastructural analysis of CHC-HA expressing T. gondii parasites.  Routine (A) and immuno (B and C) electron
micrographs. (A) Section through the anterior of a tachyzoite showing nucleus (N), apicoplast (A), Golgi (G), rhoptries (R),
micronemes (M), and mitochondrion (Mi). Scale bar is 100 nm. Insert: Enlargement of the enclosed area showing a coated vesicle.
Bar is 50 nm. (B) Similar area to that in (A) of a parasite processed for immuno electron microscopy showing gold particles located
predominately at the periphery of the Golgi (G). N, nucleus; A, apicoplast; DG, dense granules. Bar is 100 nm. Insert: Detail of the
enclosed area showing a number of gold particles around a possible vesicle. Bar is 50 nm. (C) Section through a parasite
undergoing endodyogeny showing the two partially formed daughters (D1, D2) with gold particles (arrowheads) associated with the
periphery of the daughter Golgi bodies (G). N, nucleus. Bar is 500 nm. Insert: Enlargement of the enclosed area showing gold
particles at the periphery of the Golgi body. Bar is 100 nm.
doi: 10.1371/journal.pone.0077620.g002
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Figure 3.  Rapid ablation of CHC1 function in T. gondii.  (A) Schematic of the dominant negative DD-Hub construct and of the
chlathrin triskelion structure. The Hub fragment is highlighted in pink. dd, destabilization domain; myc, myc epitope tag; p, promoter;
UTR, untranslated region. (B) Schematic (left) and immunofluorescence analysis (right) of Shield-1 dependent regulation of DD-
Hub. Immunofluoresence has been performed with indicated antibodies 24 hours after incubation of parasites in presence or
absence of 1 μM Shield-1. Hub fragments localise to the cytoplasm and their expression lead to deformed IMCs (C) Immunoblot of
parasite lysates probed with indicated antibodies. Catalase and aldolase were used as loading controls. Intra- or extracellular
parasites were treated with 0 μM, 0.1 μM and 1 μM Shield-1 for the indicated time. (D) In contrast to the controls DD-Hub
expressing parasites show no plaque formation after 7 days incubation in presence of 1 μM Shield-1. Scale bar represents 500 μm.
(E) For analysis of the invasion rate intra- or extracellular parasites were treated for 6 hr with or without 1 μM Shield-1 prior to the
experiment. Data represent mean values of three independent experiments ±SD. (F) For analysis of the replication rate indicated
parasite lines were cultured in absence or presence of 1 μM Shield-1 and fixed 24 hr post invasion. Data represent mean values of
three independent experiments ±SD. (G) Immunofluorescence analysis with indicated antibodies of DD-Hub parasites treated with
indicated Shield-1 concentrations for 24 hours. Scale bar represents 10 μm. Immunoflourescence images are representative of at
least three independent experiments and depicted abnormalities have been observed in 100% of 200 random examined vacuoles
compaired to controls.
doi: 10.1371/journal.pone.0077620.g003
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analysis of intra- and extracellular parasites (Figure 3 C). As
expected, parasite growth was completely blocked upon
stabilisation of DD-Hub using 1 μM Shield-1, as confirmed in
plaque assays (Figure 3 D). When we analysed the effect of
DD-Hub expression in extracellular parasites, we found that
host cell invasion is not affected (Figure 3 E), demonstrating
that CHC1 and therefore clathrin-mediated endocytosis (CME)
and likely receptor-mediated endocytosis (RME) is not involved
in host cell invasion. In contrast, DD-Hub expression in
intracellular parasites caused abnormal parasite development
resulting in a replication arrest at 2-8-cell stage (Figure 3 F).
The IMC in dividing parasites was incorrectly formed (Figure 3
B and Figure S2) and parasites were unable to form their
unique secretory organelles (Figure 3 G and S2 A). When we
analysed host cell egress, we found that egress was
completely blocked in malformed parasites (Figure S3 A and
S3 B). However, shorter stabilisation times of DD-Hub (6
hours) did not result in a block of induced parasite egress
(Figure S3 B).
Together this analysis demonstrates that CHC1 has a
predominant function during parasite development inside the
host cell, whereas its functional ablation during host cell
invasion or egress is tolerated by the parasite.
CHC1 is essential for Golgi function and segregation
In T. gondii the Golgi consists of a single stack apical to the
nucleus that is segregated equally during parasite division [33]
and this early event is tightly coupled to nuclear division
[17,34]. To analyse the behaviour of the Golgi in DD-Hub
expressing parasites, parasites were transfected with the Golgi
marker GRASP-RFP [30]. While the morphology and
segregation of the Golgi is not affected when parasites are
incubated in presence of 0.1 μM Shield-1, which leads to only
weak stabilisation of DD-Hub (Figure 3 C and 4 A), incubation
of parasites in 1 μM Shield-1 led to a significant disturbance of
the Golgi. While nuclear division appeared to continue during
this incubation time, daughter cells either lacked or inherited an
expanded Golgi (Figure 4 A). Next we analysed constitutive
secretion using SAG1ΔGPI-dsRed [35] as a marker and
confirmed that inoculation of DD-Hub parasites in presence of
the inducer Shield-1 leads to a block of constitutive secretion,
since SAG1ΔGPI-dsRed accumulates in the early secretory
pathway (Figure 4 B). Even weak stabilisation of DD-Hub in
presence of 0.1 μM Shield-1 was sufficient to efficiently block
constitutive secretion of SAG1ΔGPI-dsRed (Figure 4 B). We
observed the same behaviour for the marker proteins MIC3
and SAG1ΔGPI-dsRed, when parasites were treated with
Brefeldin A, a drug that specifically inhibits ER to Golgi traffic
and leads to disruption of the Golgi (Figure 4 C and 4 D).
Under these conditions MIC3 and SAG1ΔGPI-dsRed
accumulate in the early secretory pathway and show a
significant colocalisation (Figure 4 C and 4 D).
In summary, our colocalisation studies demonstrate that
CHC1 is essential for Golgi function, constitutive secretion, and
vesicular transport to the IMC, plasma membrane, micronemes
and rhoptries. Furthermore, like in other eukaryotes CHC1
appears to be involved in segregation of the Golgi during
mitosis [36].
CHC1 is essential for segregation of endosymbiotic
organelles
Since Golgi segregation and replication of the apicoplast is
linked in a timely and possibly mechanistic manner [34], we
wondered if a block in CHC1 function has an effect on
replication and/or segregation of these endosymbiotic
organelles. In the case of mitochondrial division, ablation of
functional CHC1 affects segregation of mitochondria after
mitosis. Each daughter cell appears to contain a
mitochondrion, but they are not separated and form a
meshwork of connected, aberrant looking mitochondria (Figure
5 A). Similarly, we found that expression of DD-Hub has a
significant effect on the segregation of the apicoplast (Figure 5
B). Of note, the observed phenotype for the apicoplast does
not correspond to the phenotype obtained by expression of
dominant negative dynamin-related protein A (DrpA) [14],
indicating that CHC1 and DrpA are not functioning at the same
step of apicoplast segregation. Furthermore, we cannot
exclude that the block in apicoplast division is merely a
downstream effect due to a block of Golgi division or the
secretory pathway.
Ultrastructural analysis of parasites expressing DD-
Hub
To verify these results, we performed a detailed
ultrastructural analysis of wild type and DD-Hub expressing
parasites. In wild type parasites the daughters formed by
endodyogeny show normal organellar content and residual
body organisation (Figure 6 A). In contrast, the treated
parasites showed multiple abnormal features (Figure 6 B - 6 E).
At an early stage in treatment, the daughters were relatively
normal in shape although certain parasites showed incomplete
plasmalemma formation (not shown). In addition, there also
appeared to be large residual bodies, identified by being limited
by the plasmalemma, containing a number of organelles
(Figure 6 B). In later stages the parasites lost their polarised
shape and appeared more spherical (Figure 6 C). The
cytoplasm of these parasites was more disorganised showing
multiple nuclei but without associated daughter formation
(Figure 6 C). There were examples of daughter IMC formation
but these were atypically located and appeared not to develop
(Figure 6 C). There was evidence of early rhoptry formation but
these appeared to be disorganised and were unable to
undergo maturation with no duct formation (Figure 6 C and 6
D). There were also pleomorphic changes in the appearance of
the Golgi region with some appearing dilated (Figure 6 D). In
others, the region appeared to be expanded (Figure 6 E).
Around certain of the Golgi bodies were a number of vesicles
with electron dense contents but no coated vesicles as seen in
the wild type (Figure 6 E). The content of these vesicles is
similar to that seen in micronemes but cigar-shaped
micronemes were rarely observed. In addition, the
mitochondrion appeared distributed throughout the cytoplasm
and the residual body (Figure 6 B). While the apicoplast could
be readily identified in wild type parasites (Figure 6 A), it was
rarely seen in treated parasites (Figure 6 B 6 E). The
ultrastructural observation of abnormal and disorganised
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development of various organelles is consistent to that seen by
light microscopy.
Figure 4.  CHC1 is essential for Golgi function and segregation.  (A) Immunofluorescence analysis of DD-Hub expressing
parasites stable transfected with the cis-medial Golgi marker GRASP-RFP cultured for 24 hr in absence or presence of 0.1 and 1
μM Shield-1. Only under high Shield-1 concentrations daughter parasites show abnormal Golgi morphology (white arrow heads) or
no Golgi at all (yellow arrow heads, N highlighted in yellow). N, nucleus. (B-D) Immunofluorescence analysis of DD-Hub expressing
parasites stable transfected with SAG1∆GPI-dsRed. After treatment for 24 hr with 0.1 and 1 μM Shield-1 DD-Hub expression
causes a block in constitutive secretion of SAG1∆GPI-dsRed. (C and D) Overnight treatment with 5 μg/ml Brefeldin A (BFA) or 24 hr
treatment with 1 μM Shield-1 respectively show an identical block in transport for SAG1∆GPI-dsRed and the micronemal protein
MIC3 (arrow heads). Immunoflourescence images are representative of at least three independent experiments and depicted
abnormalities have been observed in 100% of 200 random examined vacuoles compaired to controls.
doi: 10.1371/journal.pone.0077620.g004
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Discussion
In this study we aimed to shed light on the role of
endocytosis during the asexual life cycle of T. gondii. While it
becomes evident that this parasite is capable of using several
trafficking factors usually involved in endocytosis or endosomal
recycling for the biogenesis of its unique organelles
[14,15,17-19,37], the role of endocytosis and RME is
controversial. In the absence of caveolin-dependent
endocytosis [20,21], clathrin-dependent endocytosis should be
the predominant mechanism for endocytic uptake in these
parasites.
The importance of clathrin in RME remains unquestioned
since its discovery in 1964 [38]. Over the last 50 years a
growing number of functional studies have reported evidence
for its impact on diverse physiologically processes besides its
role in endocytic and secretory membrane transport, such as
cytokinesis [8,39,40], Golgi integrity [36], secretory granule
biogenesis [41], and mitotic and meiotic spindle organisation
and stabilisation [42,43]. Without exception clathrin localisation
was always correlated with its site of action in these reports.
Hitherto many proteins are presumed to interact with clathrin
and/or clathrin-associated proteins purely based on
colocalisation although there is no mechanistic evidence
excluding a function in alternative endocytic pathways [6].
Clathrin is a long-lived protein with a half-life of 24-36 hours
[44]. The development of molecular tools for investigation of
clathrin-dependent processes progressed and contributed
significantly to the current understanding. Besides traditional
molecular techniques, such as RNA interference (RNAi),
Figure 5.  Impact of DD-Hub expression on mitochondrial and apicoplast segregation.  Immunofluorescence analysis of DD-
Hub expressing parasites stable transfected with either HSP60-RFP (A) or FNR-RFP (B). Parasites were cultured for 24 hr in
absence or presence of 0.1 and 1 μM Shield-1. In presence of high Shield-1 concentrations mutants show mitochondrial and
apicoplast segregation defects. Scale bars represent 10 μm. Immunoflourescence images are representative of at least three
independent experiments and depicted abnormalities have been observed in 100% of 200 random examined vacuoles compaired to
controls.
doi: 10.1371/journal.pone.0077620.g005
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Figure 6.  Ultrastructural analysis of stably dominant negative DD-Hub expressing parasites.  Parasites were cultured in
absence (A) or presence (B-E) of Shield-1 for 24 hrs. (A) Section through a parasitophorous vacuole containing two daughters each
showing normal morphology with nucleus (N), Golgi body (G) and apical organelles. C, conoid; R, rhoptries; M, micronemes; DG,
dense granules. Note the small residual body (RB) is free of organelles. Bar is 1 µm. (B) Section of a Shield-1 treated sample
showing two daughters enclosed by the double layer pellicle with limited anterior organelles, such as micronemes (M) and rhoptries
(R). Note the large residual body (RB), limited by the plasmalemma, containing remnants of parasite organelles consisting of
mitochondrion (Mi) and dense granules (DG). N, nucleus; G, Golgi body. Bar is 1 µm. (C) Irregularly shaped parasite showing
abnormally located daughter inner membrane complexes (IMC), multiple nuclei (N), abnormal pre-rhoptries (R) and convoluted
mitochondrion (Mi). Bar is 1 µm. (D) Apical end of a daughter exhibiting the nucleus (N), dilated Golgi body (G), rare micronemes
(M) and abnormal rhopties (R) which lack ducts. Bar is 100 nm. (E) Detail of the perinuclear region showing an expanded Golgi
body with a few vesicles with electron dense contents around the periphery (arrowheads). Mi, mitochondrion. Bar is 100 nm.
doi: 10.1371/journal.pone.0077620.g006
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immunological depletion, and genomic deletion, the dominant
negative clathrin inhibitor Hub became accepted as a standard
method to study clathrin function. To overcome clathrin
turnover the technique has been shown to require 20-40 hrs
[45]. Although functional ablation is achieved faster than with
other techniques this time frame does still not allow a clear
discrimination between short-term and long-term depletion
effects since compensatory pathways might become
upregulated.
Clathrin dynamics have been studied predominantly by
overexpression of fluorescent fusion proteins although it has
been shown that overexpression can cause protein
mislocalisation and aggregation, and alter signalling pathways.
However, the underlying mechanisms required for its regulation
remain still elusive. Endogenous tagging approaches in yeast
and mammalian cells strongly support the importance of native
protein levels to study such regulatory processes and redefined
CME as regular and efficient instead previously described as
highly dynamic, inefficient and heterogeneous [46,47]. Clathrin
and clathrin-dependent events are thought to be evolutionary
conserved even though differences for clathrin requirements
have been observed among unicellular and multicellular
eukaryotes [48,49]. So far functional studies have been mostly
limited to ophistokonts (from yeast to men). Intriguingly, studies
performed in the alveolate Tetrahymena thermophila suggest
that CME might have evolved independently in different phyla
[32].
To elucidate clathrin localisation in T. gondii we ha-flag
tagged endogenous chc1 which allowed visualisation of clathrin
by immunoflourescent and immuno goldlabelling. Using this
approach we localised CHC1 predominantly at the TGN,
confirming previous observations of CCVs at the Golgi [27].
However, we were unable to identify CHC1 at the surface of
the parasite or at the limited number of micropores observed.
Since clathrin localisation usually correlates with its site of
action these results strongly support the assumption of clathrin
not being responsible for RME during intracellular development
in T. gondii.
To analyse clathrin function we applied a standard method
used in mammalian and plant cells based on overexpression of
the CHC1 Hub fragment [45,50,51]. The Hub fragment
represents the C-terminal third of the CHC which binds CLCs
and can self-assemble with the same kinetics as intact CLCs
but polymerises into an open-ended lattice instead of a closed
polyhedron [6]. Conditional expression of Hubs in T. gondii has
been achieved by N-terminal fusion with the destabilisation
domain (ddFKBP) [31]. Overall, overexpression of DD-Hub
results in a very tight and lethal phenotype, demonstrating an
essential role during intracellular replication. We were able to
confirm a general, essential function of CHC1 in vesicular
budding from the Golgi and found defects in organellar
biogenesis (micronemes and rhoptries), formation of the
pellicle and aberrations of the apicoplast and mitochondria.
Similar phenotypes for the secretory organelles have been
observed upon ablation of DrpB, SORTLR, and the small
GTPases Rab5A and Rab5C which have been shown to be
essential for rhoptry and micronemal biogenesis [15,16,19].
Most likely clathrin acts in concert with DrpB and SORTLR in
vesicle formation at the Golgi whereas Rab5A and Rab5C are
involved in protein sorting downstream of the Golgi (Figure 7).
The resulting replication block and disintegration of the pellicle
are reminiscent of the phenotype observed for ablation of
Rab11B and Rab11A which play a role in vesicular transport
from the Golgi to the IMC and plasma membrane respectively
during cytokinesis [17,18]. In addition, clathrin seems to be
required for constitutive secretion of SAG1ΔGPI-dsRed which
appears to be blocked most probably in the ER upon dominant
negative clathrin inhibition. Together, this implies a general role
of clathrin at the TGN in vesicle formation which occurs
dependent on cargo destination either DrpB-/SORTLR-
dependent or -independent (Figure 7) and results in loss of the
target organelles. In contrast to mammalian cells T. gondii
parasites inherit just one Golgi stack that needs to be doubled
in size prior to division and equally split into the nascent
daughter cells [33]. Interestingly, clathrin depletion resulted in
parasites either missing or harbouring an aberrantly appearing,
dilated Golgi. We also observed effects on apicoplasts and
mitochondria but cannot exclude non-specific, downstream
effects at this point. The rapid regulation kinetics of the
ddFKBP-system allowed us to over express CHC1 Hub in
extracellular parasites to investigate roles of clathrin during
gliding motility or host cell invasion. We were unable to find any
significant differences, suggesting CME is not involved in these
processes.
In summary, our study demonstrates an essential role of
CHC1 in Golgi organisation and vesicular transport from the
Golgi, while no morphological evidence was found that
implicates a function of CHC1 in endocytosis in this parasite.
Together with previous studies this reinforces the hypothesis
that their endocytic system has been reduced to ensure
biogenesis and regulation of their unique organelles.
Nevertheless, we cannot exclude that lineage-specific factors
might have taken over endocytic roles. It will now be interesting
to analyse the role of clathrin interacting factors, such as
adaptins, in detail to further our understanding of this
unconventional sorting system.
Materials and Methods
Generation of putative clathrin interactome
Saccharomyces cerevisiae was used as the source organism
and physical and genetic interactors were downloaded from
SGD database (http://www.yeastgenome.org). All the
redundant interactions were removed and the remaining
interactions represented as networks using Cytoscape (http://
www.cytoscape.org/). The orthologous protein information was
obtained by performing pairwise alignment of the sequences
using BLASTp at NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Orthologue groups were obtained from OrthoMCL DB (http://
www.orthomcl.org/cgi-bin/OrthoMclWeb.cgi). BLASTp (E-
value≤0.05) was performed by taking S. cerevisiae protein
sequences as queries against T. gondii and P. falciparum
protein sequences obtained from EupathDB (http://
eupathdb.org/) and confirming the hit by reverse BLAST.
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Figure 7.  Model of CHC1 function in post-Golgi trafficking
and organellar biogenesis in T. gondii.  Generation of
various transport vesicles (V) at the trans-Golgi is reliant on
clathrin. In concert with DrpB and SORTLR clathrin is involved
in vesicle formation from which secretory organelles such as
micronemes (Mic) and rhoptries (Rop) derive. Whereas post-
endosome-like compartments (ELC) sorting of secretory
vesicles destined for the rhoptries occurs only in a Rab5A/C
dependent fashion, targeting to the micronemes occurs cargo
specific either dependent or independent of Rab5A/C. In
addition, clathrin functions independently of DrpB/SORTLER in
constitutive secretion and generation of transport vesicles at
the Golgi involved in pellicle biogenesis. Whereby Rab11B
mediates inner membrane complex (IMC) formation, Rab11A
mediates plasma membrane (PM) formation and is important
for IMC maturation. Whereas apicoplast (Api) segregation is
regulated by DrpA, fission of mitochondria (Mito) might be
regulated by DrpC. A direct function of clathrin in apicoplast
and mitochondrial replication remains to be confirmed. CCV,
clathrin-coated vesicle; C, conoid; DG, dense granule.
doi: 10.1371/journal.pone.0077620.g007
T. gondii parasite lines, maintenance and transfections
T. gondii RH∆hxgprt and Δku80 [29] tachyzoites were
maintained by serial passage in human foreskin fibroblast
(HFF) monolayers cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 2 mM glutamine, and 25 μM gentamycine at 37°C and
5% CO2 in a humidified incubator. Transfections were carried
out by electroporation as previously described [52] using
approximately 107 freshly egressed or mechanically released
parasites of the respective parasite strain.
Generation of T. gondii expression constructs and
stable T. gondii parasite lines
For C-terminal HA-FLAG epitope endogenous tagging of the
chc1 gene the 3′ flank of the chc1 gene upstream of the STOP
condon was amplified by polymerase chain reaction (PCR)
from T. gondii RH∆hxgprt strain genomic DNA using oligo pair
LIC-CHC1-sense/LIC-CHC1-antisense and inserted into pLIC-
HA-FLAG-HXGPRT by ligation-independent cloning (LIC)
strategy [53]. 15 μg of the resultant CHC1-HA-FLAG-HXGPRT
(CHC1-HA) plasmid were linearised by BamHI within the region
of homology for efficient homologous recombination and were
transfected into Δku80 parasites [29]. The resultant
transfectants were selected for clonal lines expressing CHC1-
HA in presence of 25 μg/ml mycophenolic acid and 40 μg/ml
xanthine as previously described (Donald et al. 1996) and
subsequently cloned by limiting dilution. Specific integration
was confirmed by analytical PCR on genomic DNA using oligo
pair CHC1-integration-sense/CHC1-integration-antisense.
For the generation of the dominant negative CHC1
expression construct p5RT70DDmycHub-CAT (DD-Hub) the
coding sequence of the CHC1 Hub fragment was PCR
amplified using oligos Hub-sense and Hub-antisense. The
resultant PCR fragment was cloned into plasmid
p5RT70DDmycYFP-CAT [31] via AvrII and PacI restriction
sites whereby YFP was replaced by the Hub coding sequence
which was thereby placed under control of the ddFKBP-
system. RH∆hxgprt parasites were transfected with 60 μg of
the resultant plasmid linearised with NotI and co-transfected
with 30 μg of NotI linearised pDHFR-TSc3 plasmid [54]
conferring resistance to pyrimethamine. Clonal parasite lines
expressing DD-Hub were selected in presence of 1 μM
pyrimethamine as previously described [54] and subsequently
cloned by limiting dilution. For colocalisation experiments clonal
parasites were transfected with 30 μg NotI linearised
RnGRASP-RFP-CAT (GRASP-RFP) [30], TgHSP60-RFP-CAT
(HSP60-RFP) [14], TgFNR-RFP-CAT (FNR-RFP) [55],
SAG1∆GPI-dsRed-CAT (SAG1∆GPI-dsRed) [35], or 30 μg
HindIII linearised TgGap50-YFP-CAT (GAP50-YFP) [56]
respectively and each co-transfected with 15 μg of column
purified p5RT70mycGFP-HX digested with KpnI and PacI to
remove the p5RT70 promoter and the myc-GFP coding
sequence from the HXGPRT cassette comprising plasmid
backbone. Clonal parasite lines expressing the respective
fluorescent markers were selected in presence of 25 μg/ml
mycophenolic acid and 40 μg/ml xanthine as previously
described [57] and subsequently cloned by limiting dilution.
Oligonucleotide sequences are provided in Table S2.
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Fluorescence and immunofluorescence microscopy of
T. gondii parasites
For microscopic analysis confluent monolayers of HFF cells
seeded onto 13 mm diameter glass cover slips were infected
with the respective parasite line and incubated in absence or
presence of 0.1 μM Shield-1, 1 μM Shield-1, or 5 μg/ml
brefeldin A (BFA) at normal growth conditions.
For immunofluorescence analysis cells were fixed after 24 h
either with 4% w/v paraformaldehyde in PBS for 20 min at
room temperature or with absolute methanol pre-cooled to
-20°C for 20 min at -20°C. Fixed cells were permeabilised with
0.2% Triton X-100 in PBS for 20 min and blocked with 3% w/v
bovine serum albumin (BSA) in permeabilisation buffer for 20
min. Cells were incubated for 1 h at room temperature with
anti-HA-Tag (6E2) mouse monoclonal antibody (Cell Signaling
Technology, Inc.) diluted 1:100, anti-HA-Tag (3F10) rat
monoclonal antibody (Roche) diluted 1:500, anti-ddFKBP12
rabbit polyclonal antibody (Thermo Scientific) diluted 1:500,
anti-TgIMC1 rabbit antiserum [58] diluted 1:1000, anti-TgSAG1
(DG52) mouse monoclonal antibody diluted 1:1000, anti-
TgMIC2 (6D10) mouse monoclonal antibody [59] diluted 1:100,
anti-TgMIC3 (T42F3) mouse monoclonal antibody [60] diluted
1:100, anti-TgNtRop5 (T53E2) mouse monoclonal antibody
[61] diluted 1:1000, anti-Rop2/3/4 (T34A7) mouse monoclonal
antibody [62] diluted 1:1000, or anti-DrpB rat monoclonal
antibody (a kind gift from Peter Bradley) diluted 1:500 in
blocking buffer. Cells were washed three times with PBS and
incubated for 1 h at room temperature with Alexa Fluor 488-,
Alexa-594- and/or Alexa Fluor 350-conjugated secondary
antibodies (Molecular Probes, Invitrogene) diluted 1:3000 in
blocking buffer. Cover slips were washed with PBS, rinsed with
water and mounted onto microscope slides with Dapi-
Fluoromount-G (SouthernBiotech). Z-stack images of 0.2 µm
increments were collected on a DeltaVision Core
epifluorescence microscope (Applied Precision, GE) fitted with
a 100x oil immersion lens (UPlanSApo, NA 1.40) lens and
equipped with a Photometrics CoolSNAP HQ2 CCD camera
using Applied Precision softWoRx Suite 2.0 software.
Deconvolution was performed with Applied Precision softWoRx
Suite 2.0 software and deconvolved images were further
processed with ImageJ 1.44 and Adobe Photoshop CS4
Extended software. Images are representative of at least three
independent experiments. Per condition 200 vacuoles were
examined with a Carl Zeiss Axiovert 40 CFL inverted
epifluorescence microscope fitted with a 100x oil immersion
lens (A-PLAN, NA 1.25) and mean values of 3 independent
experiments ± SD were determined unless stated otherwise To
measure the degree of colocalisation the Pearson correlation
coefficient (R) of deconvoluted z stacks was calculated using
Imaris v7.6.1 image analysis software.
Immunoblot analysis of total T. gondii parasite lysates
For immunoblot analysis parasites were cultivated in
absence or presence of 50 nm rapamycin for 36 or 48 h.
Freshly egressed or mechanically released parasites were
harvested, washed once in ice cold PBS, and resuspended in
Laemmli sample buffer containing 2% SDS and 100 mM DTT.
Total parasite lysates were boiled for 5 min at 95°C and spun
down for 5 min at 21.100 x g at room temperature. Proteins of
total lysates of either 2.5 or 5 x 106 parasites were separated
on 6 or 12% sodium dodecyl sulphate polyacrylamide gels at
200 V, and transferred onto nitrocellulose membranes.
Membranes were blocked with 3% w/v dried skimmed milk and
0.2% Tween 20 in PBS and probed with anti-HA-Tag (6E2)
mouse monoclonal antibody (Cell Signaling Technology, Inc.)
diluted 1:500, anti-c-Myc (9E10) mouse monoclonal antibody
(Santa Cruz Biotechnology, Inc.) diluted 1:500, anti-ddFKBP12
rabbit polyclonal antibody (Thermo Scientific) diluted 1:500,
anti-TgCatalase (#84) rabbit antiserum [63] diluted 1:3000, and
anti-TgAldolase (WU1614) polyclonal antibody [64] diluted
1:10.000 in blocking buffer. Primary antibodies were detected
with Peroxidase-conjugated AffiniPure Goat Anti-Rabbit IgG (H
+L) and/or Peroxidase-conjugated AffiniPure Donkey Anti-
Mouse IgG (H+L) secondary antibodies (Jackson
ImmunoResearch Laboratories, Inc.) respectively diluted
1:50.000 in blocking buffer containing 0.4% Tween 20. For
detection immunoblots were treated with Amersham ECL Plus
Western Blotting Detection Reagents and exposed to Kodak
General Purpose Blue Medical X-Ray Films. Images are
representative of at least three independent experiments.
Electron microscopy
Monolayers of HFF, grown on 6 cm dishes, were infected
with DD-Hub parasites and cultured for 12, 24 and 36 h in
absence or presence of 1 mM Shield-1 and subsequently fixed
with 2.5 % gluteraldehyde in 0.1 M phosphate buffer pH 7.4
(1M Na2HPO4, 1M NaH2PO4). Samples were processed for
routine electron microscopy as described previously [65]. In
summary, samples were post-fixed in osmium tetroxide,
dehydrated, treated with propylene oxide and embedded in
Spurr’s epoxy resin. Thin sections were stained with uranyl
acetate and lead citrate prior to examination in a JEOL 1200EX
electron microscope.
CHC-HA parasite samples for immunoelectron microscopy
were fixed with 2% paraformaldehyde in 0.1 M phosphate
buffer pH 7.4 and processed as described previously [66]. In
summary, the samples were dehydrated and embedded in LR
White resin. Then sections were floated on drops of 1% BSA in
PBS to block non-specific staining and then incubated with
anti-HA-Tag (6E2) mouse monoclonal antibody (Cell Signaling
Technology, Inc.), washed and exposed to goat anti-mouse
IgG conjugated to 10 nm gold particles. Sections were stained
with uranyl acetate prior to examination in the electron
microscope.
Plaque assay
For growth and viability analysis of the respective parasite
lines HFF monolayers, grown in six-well cell culture plates,
were infected with 50 parasites per well and cultured for 7 days
in absence or presence of 1 μM Shield-1 under normal growth
conditions. Cells were fixed with absolute methanol pre-cooled
to -20°C for 10 min at room temperature, stained for 30 min
with Giemsa and the latter intensely washed off with PBS.
Images were captured with a Nikon Coolpix 5400 digital
camera attached to a Nikon SMZ 1500 binocular fitted with a
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Nikon MXA 5400 objective. Images are representative of at
least three independent experiments.
Invasion assays
Prior to invasion analysis parasites of the respective parasite
line were treated intra- and extracellular for 6 h with and
without 1 μM Shield-1 under normal growth conditions.
Subsequently, pulse invasion experiments were performed as
described earlier [67]. In brief, intracellular parasites were
mechanically released from the host cells by scraping off the
host cells from the cell culture dishes and passing the lysate
three times through a 26-gauge syringe needle. Extracellular
parasites were spun down at 1000 g for 10 min at room
temperature and resuspended in Endo buffer (44.7 mM K2SO4,
10 mM MgSO4, 106 mM sucrose, 5 mM glucose, 20 mM Tris-
H2SO4, 3.5 mg/ml BSA, pH 8.2). 13 mm diameter glass cover
slips covered with confluent HFF monolayers were washed
once with Endo buffer and infected with 5 x 106 parasites each.
After 20 min incubation at normal growth conditions Endo
buffer was gently replaced by invasion medium (DMEM
completed with 10 mM HEPES and 3% FBS) pre-warmed to
37°C. After 30 min incubation at normal growth conditions
extracellular parasites were washed off with PBS and cells
were fixed with 4% w/v formaldehyde and 0.05% v/v
glutaraldehyde in PBS for 20 min at room temperature.
Parasites were immunolabelled with anti-TgSAG1 (T4 1E5)
mouse monoclonal antibody [67] diluted 1:1000 prior to
permeabilisation to mark non-invaded parasites, with anti-
ddFKBP12 rabbit polyclonal antibody (Thermo Scientific)
diluted 1:500 after permeabilisation to check for DD-Hub
expression, and nuclei were stained by mounting with Dapi-
Fluoromount-G (SouthernBiotech). Percentage of numbers of
invasion events were determined in 20 fields of views using a
Carl Zeiss Axiovert 40 CFL inverted epifluorescence
microscope fitted with a 100x oil immersion lens (A-PLAN, NA
1.25) and mean values of three independent experiments ± SD
were plotted on a bar graph with scored numbers for non-
treated RH∆hxgprt parasites defined as 100% invasion.
Replication analysis
For replication analysis confluent HFF monolayers grown on
13 mm diameter glass cover slips were infected with 106 freshly
egressed or mechanically released parasites of the respective
parasite strains. Parasites were spun onto host cells at 500 x g
for 5 min at room temperature and were allowed to invade host
cells for 1 h at normal growth conditions. Cover slips were
dipped four times into PBS to wash off non-invaded parasites,
transferred into new 24-well cell culture plates, and incubated
for 24 h in absence or presence of 1 μM Shield-1.
Subsequently, cells were fixed with 4% w/v formaldehyde and
parasites were immunolabelled with anti-TgSAG1 (DG52)
mouse monoclonal antibody diluted 1:1000 and anti-ddFKBP12
rabbit polyclonal antibody (Thermo Scientific) diluted 1:500,
and nuclei were stained by mounting with Dapi-Fluoromount-G
(SouthernBiotech). Percentage of parasite numbers of 100
parasitophorous vacuoles were determined per condition with a
Carl Zeiss Axiovert 40 CFL inverted epifluorescence
microscope fitted with a 100x oil immersion lens (A-PLAN, NA
1.25). Mean values of two independent experiments ± SD were
plotted in a bar graph.
Natural and induced egress analysis
For natural egress 105 and for induced egress 1.5 x 106
freshly egressed or mechanically released parasites of the
respective parasite strains were added onto confluent HFF
monolayers grown on 13 mm diameter glass cover slips and
were allowed to invade for 2 h at normal growth conditions.
Non-invaded parasites were removed by three washes with
PBS. To analyze natural egress intracellular parasites were
further incubated in absence or presence of 0.01 μM, 0.1 μM
and 1 μM Shield-1 and fixed with 4% w/v formaldehyde after 24
h, 36 h, 48 h, 72 h, 96 h and 120 h. To analyse induced egress
samples were further incubated for 32 h at normal growth
conditions and treated with or without 1 μM Shield-1 for 32 h or
6 h prior to the experiment. Samples were washed once with
DMEM pre-warmed to 37°C and DMEM was replaced with
DMEM complemented with or without 2 μM A23187 pre-
warmed to 37°C in order to artificially induce egress. After
incubation for 5 min, 10 min, and 15 min at normal growth
conditions samples were washed once with PBS, and fixed
with 4% w/v formaldehyde. For visualisation parasites were
immunolabelled with anti-TgSAG1 (DG52) mouse monoclonal
antibody diluted 1:1000, and nuclei were stained by mounting
with Dapi-Fluoromount-G (SouthernBiotech). Samples were
examined with a Carl Zeiss Axioskope 2 MOT Plus inverted
epifluorescence microscope fitted with a 10x objective lense
(Plan-APO-CHROMAT, NA 0.75) or a 40x objective lense
(Plan-APO-CHROMAT, NA 0.45) respectively, and equipped
with a Hamamatsu Photonics Orca-ER CCD camera. Images
were acquired with Improvision OpenLab 5.0 software and
processed with Adobe Photoshop CS4 Extended software.
Images are representative of at least three independent
experiments.
Supporting Information
Figure S1.  CHC1 is highly conserved in apicomplexan
parasites. ClustalW multiple sequence alignment of the
putative T. gondii CHC1 protein sequence and its orthologues
in the indicated species. Accession numbers are the following:
Toxoplasma gondii (TGME49_090950), Plasmodium
falciparum 3D7 (PFL0930w), Plasmodium berghei ANKA strain
(pber|PBANKA_143470), Plasmodium yoelii yoelii 17XNL
strain (PY01854), Plasmodium chabaudi chabaudi
(PCHAS_143670), Plasmodium knowlesi strain H
(PKH_143620), Plasmodium vivax SaI-1 (PVX_123620),
Theileria annulata strain Ankara (TA04775), Babesia bovis
T2Bo (XP_001609347.1), Neospora caninum (NCLIV_042820),
Cryptosporidium muris RN66 (CMU_025200), Tetrahymena
thermophila SB210 (24.m00346), Schizosaccharomyces
pombe (NP_594148), Saccharomyces cerevisiae S288c
(scer_s288c__YGL206C), Cyanidioschyzon merolae strain
10D (CMF103C), Dictyostelium discoideum AX4 (chcA),
Drosophila melanogaster (FBpp0111710), Homo sapiens
(ENSP00000269122). The Hub protein sequence used for
expression in T. gondii is shaded in pink.
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Figure S2.  Immunofluorescence analysis of DD-Hub
expressing parasites. Parasites were cultured for 24 hr in
presence of indicated Shield-1 concentrations and analysed
with indicated antibodies. (A) Colocalisations of IMC1
andSAG1 and GAP50-YFP and IMC1 respectively. (B)
Colocalisations of DD-Hub and MIC2 and ROP2/3/4
respectively. Scale bars represent 10 μm. Immunoflourescence
images are representative of at least three independent
experiments and depicted abnormalities have been observed in
100% of 200 random examined vacuoles compaired to
controls.
(TIF)
Figure S3.  Natural but not induced egress is affected upon
DD-Hub expression. (A) Natural egress. Immunofluorescence
analysis of DD-Hub expressing parasites cultured for 48 hr in
absence and presence of 1 μM Shield-1 and labelled with anti-
SAG1-antibody. Inlets show threefold enlargements of the
indicated area. Scale bar represents 100 μm. (B) Induced
egress. Immunofluorescence analysis of DD-Hub expressing
parasites grown for 32 hr and labelled with anti-SAG1-antibody.
Treatment with 1 μM Shield-1 was either continuously or 6 hr
prior to induction of host cell egress with 2 μM calcium
ionophore A23187. Scale bar represents 25 μm. Whereas 6 hr
incubation with Shield-1 has no influence on egress, long time
exposure to Shield-1 results in an egress phenotype. Indicating
that functional CHC1 might not play a role in RME and that the
egress phenotype is due to the dramatic morphology changes
of the parasites (see Figure 3 and 4, and S3).
Immunoflourescence images are representative of at least
three independent experiments.
(TIF)
Table S1.  Summary of Interactome analysis.
(XLSX)
Table S2.  Oligos used for cloning of T. gondii expression
constructs and confirmation of specific construct
integration and site specific recombination.
(DOCX)
Acknowledgements
We thank Con J. Beckers (University of North Carolina, Chapel
Hill, USA), Peter J. Bradley (University of California, Los
Angeles, USA), Vern B. Carruthers (University of Michigan
School of Medicine, Ann Arbor, USA), Giel van Dooren
(Australian National University, Canberra, Australia), Jean-
Francois Dubremetz (University of Montpellier, Montpellier,
France), Kristin M. Hager (University of Notre Dame, Notre
Dame, USA), David S. Roos (University of Pennsylvania
School of Medicine, Philadelphia, USA), L. David Sibley
(Washington University, St. Louis, USA), Dominique Soldati-
Favre (University of Geneva, Geneva, Switzerland), Silvia
Moreno and Boris Striepen (University of Georgia, Athens,
USA) for sharing antibodies and plasmids, and Volodymyr
Nechyporuk-Zloy (University of Glasgow, Glasgow, UK) for
technical assistance with the Imaris image analysis software
Author Contributions
Conceived and designed the experiments: MM MSP.
Performed the experiments: MSP MS DJPF. Analyzed the
data: MSP DJPF MM. Contributed reagents/materials/analysis
tools: MSP MS DJPF MM. Wrote the manuscript: MSP MM.
References
1. Lingelbach K, Joiner KA (1998) The parasitophorous vacuole
membrane surrounding Plasmodium and Toxoplasma: an unusual
compartment in infected cells. J Cell Sci 111 ( Pt 11): 1467-1475.
PubMed: 9580555.
2. Schwab JC, Beckers CJ, Joiner KA (1994) The parasitophorous
vacuole membrane surrounding intracellular Toxoplasma gondii
functions as a molecular sieve. Proc Natl Acad Sci U S A 91: 509-513.
doi:10.1073/pnas.91.2.509. PubMed: 8290555.
3. Blume M, Rodriguez-Contreras D, Landfear S, Fleige T, Soldati-Favre
D et al. (2009) Host-derived glucose and its transporter in the obligate
intracellular pathogen Toxoplasma gondii are dispensable by
glutaminolysis. Proc Natl Acad Sci U S A 106: 12998-13003. doi:
10.1073/pnas.0903831106. PubMed: 19617561.
4. Schwartz AL (1990) Cell biology of intracellular protein trafficking. Annu
Rev Immunol 8: 195-229. doi:10.1146/annurev.iy.08.040190.001211.
PubMed: 2160830.
5. Stagg SM, LaPointe P, Balch WE (2007) Structural design of cage and
coat scaffolds that direct membrane traffic. Curr Opin Struct Biol 17:
221-228. doi:10.1016/j.sbi.2007.03.010. PubMed: 17395454.
6. Liu SH, Wong ML, Craik CS, Brodsky FM (1995) Regulation of clathrin
assembly and trimerization defined using recombinant triskelion hubs.
Cell 83: 257-267. doi:10.1016/0092-8674(95)90167-1. PubMed:
7585943.
7. McNiven MA, Thompson HM (2006) Vesicle formation at the plasma
membrane and trans-Golgi network: the same but different. Science
313: 1591-1594. doi:10.1126/science.1118133. PubMed: 16973870.
8. Van Damme D, Gadeyne A, Vanstraelen M, Inzé D, Van Montagu MC
et al. (2011) Adaptin-like protein TPLATE and clathrin recruitment
during plant somatic cytokinesis occurs via two distinct pathways. Proc
Natl Acad Sci U S A 108: 615-620. doi:10.1073/pnas.1017890108.
PubMed: 21187379.
9. Wang C, Yan X, Chen Q, Jiang N, Fu W et al. (2013) Clathrin light
chains regulate clathrin-mediated trafficking, auxin signaling, and
development in Arabidopsis. Plant Cell 25: 499-516. doi:10.1105/tpc.
112.108373. PubMed: 23424247.
10. Owen DJ, Collins BM, Evans PR (2004) Adaptors for clathrin coats:
structure and function. Annu Rev Cell Dev Biol 20: 153-191. doi:
10.1146/annurev.cellbio.20.010403.104543. PubMed: 15473838.
11. Hirst J, Robinson MS (1998) Clathrin and adaptors. Biochim Biophys
Acta 1404: 173-193. doi:10.1016/S0167-4889(98)00056-1. PubMed:
9714795.
12. Leung KF, Dacks JB, Field MC (2008) Evolution of the multivesicular
body ESCRT machinery; retention across the eukaryotic lineage.
Traffic 9: 1698-1716. doi:10.1111/j.1600-0854.2008.00797.x. PubMed:
18637903.
13. Nevin WD, Dacks JB (2009) Repeated secondary loss of adaptin
complex genes in the Apicomplexa. Parasitol Int 58: 86-94. doi:
10.1016/j.parint.2008.12.002. PubMed: 19146987.
14. van Dooren GG, Reiff SB, Tomova C, Meissner M, Humbel BM et al.
(2009) A novel dynamin-related protein has been recruited for
apicoplast fission in Toxoplasma gondii. Curr Biol 19: 267-276. doi:
10.1016/j.cub.2009.03.045. PubMed: 19217294.
15. Breinich MS, Ferguson DJ, Foth BJ, van Dooren GG, Lebrun M et al.
(2009) A dynamin is required for the biogenesis of secretory organelles
in Toxoplasma gondii. Curr Biol 19: 277-286. doi:10.1016/j.cub.
2009.01.016. PubMed: 19217293.
Role of Clathrin in T. gondii
PLOS ONE | www.plosone.org 14 October 2013 | Volume 8 | Issue 10 | e77620
16. Kremer K, Kamin D, Rittweger E, Wilkes J, Flammer H et al. (2013) An
overexpression screen of Toxoplasma gondii Rab-GTPases reveals
distinct transport routes to the micronemes. PLOS Pathog 9: e1003213.
17. Agop-Nersesian C, Egarter S, Langsley G, Foth BJ, Ferguson DJ et al.
(2010) Biogenesis of the Inner Membrane Complex Is Dependent on
Vesicular Transport by the Alveolate Specific GTPase Rab11B. PLOS
Pathog 6: e1001029. PubMed: 20686666.
18. Agop-Nersesian C, Naissant B, Ben Rached F, Rauch M, Kretzschmar
A et al. (2009) Rab11A-controlled assembly of the inner membrane
complex is required for completion of apicomplexan cytokinesis. PLOS
Pathog 5: e1000270. PubMed: 19165333.
19. Sloves PJ, Delhaye S, Mouveaux T, Werkmeister E, Slomianny C et al.
(2012) Toxoplasma Sortilin-like Receptor Regulates Protein Transport
and Is Essential for Apical Secretory Organelle Biogenesis and Host
Infection. Cell Host Microbe 11: 515-527. doi:10.1016/j.chom.
2012.03.006. PubMed: 22607804.
20. Lige B, Romano JD, Sampels V, Sonda S, Joiner KA et al. (2012)
Introduction of caveolae structural proteins into the protozoan
Toxoplasma results in the formation of heterologous caveolae but not
caveolar endocytosis. PLOS ONE 7: e51773. doi:10.1371/journal.pone.
0051773. PubMed: 23272165.
21. Dacks JB, Field MC (2007) Evolution of the eukaryotic membrane-
trafficking system: origin, tempo and mode. J Cell Sci 120: 2977-2985.
doi:10.1242/jcs.013250. PubMed: 17715154.
22. Coppens I, Sinai AP, Joiner KA (2000) Toxoplasma gondii exploits host
low-density lipoprotein receptor-mediated endocytosis for cholesterol
acquisition. J Cell Biol 149: 167-180. doi:10.1083/jcb.149.1.167.
PubMed: 10747095.
23. Coppens I, Dunn JD, Romano JD, Pypaert M, Zhang H et al. (2006)
Toxoplasma gondii sequesters lysosomes from mammalian hosts in the
vacuolar space. Cell 125: 261-274. doi:10.1016/j.cell.2006.01.056.
PubMed: 16630815.
24. Gross U, Hambach C, Windeck T, Heesemann J (1993) Toxoplasma
gondii: uptake of fetuin and identification of a 15-kDa fetuin-binding
protein. Parasitol Res 79: 191-194. doi:10.1007/BF00931891. PubMed:
7684138.
25. Botero-Kleiven S, Fernández V, Lindh J, Richter-Dahlfors A, von Euler
A et al. (2001) Receptor-mediated endocytosis in an apicomplexan
parasite (Toxoplasma gondii). Exp Parasitol 98: 134-144. doi:10.1006/
expr.2001.4624. PubMed: 11527436.
26. Nichols BJ, Pelham HR (1998) SNAREs and membrane fusion in the
Golgi apparatus. Biochim Biophys Acta 1404: 9-31. doi:10.1016/
S0167-4889(98)00044-5. PubMed: 9714710.
27. Karsten V, Qi H, Beckers CJ, Reddy A, Dubremetz JF et al. (1998) The
protozoan parasite Toxoplasma gondii targets proteins to dense
granules and the vacuolar space using both conserved and unusual
mechanisms. J Cell Biol 141: 1323-1333. doi:10.1083/jcb.141.6.1323.
PubMed: 9628889.
28. Bannister LH, Hopkins JM, Fowler RE, Krishna S, Mitchell GH (2000)
Ultrastructure of rhoptry development in Plasmodium falciparum
erythrocytic schizonts. Parasitology 121 ( Pt 3): 273-287. doi:10.1017/
S0031182099006320. PubMed: 11085247.
29. Andenmatten N, Egarter S, Jackson AJ, Jullien N, Herman JP et al.
(2013) Conditional genome engineering in Toxoplasma gondii uncovers
alternative invasion mechanisms. Nat Methods 10: 125-127. PubMed:
23263690.
30. Pfluger SL, Goodson HV, Moran JM, Ruggiero CJ, Ye X et al. (2005)
Receptor for retrograde transport in the apicomplexan parasite
Toxoplasma gondii. Eukaryot Cell 4: 432-442. doi:10.1128/EC.
4.2.432-442.2005. PubMed: 15701805.
31. Herm-Götz A, Agop-Nersesian C, Münter S, Grimley JS, Wandless TJ
et al. (2007) Rapid control of protein level in the apicomplexan
Toxoplasma gondii. Nat Methods 4: 1003-1005. doi:10.1038/
nmeth1134. PubMed: 17994029.
32. Elde NC, Morgan G, Winey M, Sperling L, Turkewitz AP (2005)
Elucidation of clathrin-mediated endocytosis in tetrahymena reveals an
evolutionarily convergent recruitment of dynamin. PLOS Genet 1: e52.
doi:10.1371/journal.pgen.0010052. PubMed: 16276403.
33. Pelletier L, Stern CA, Pypaert M, Sheff D, Ngô HM et al. (2002) Golgi
biogenesis in Toxoplasma gondii. Nature 418: 548-552. doi:10.1038/
nature00946. PubMed: 12152082.
34. Nishi M, Hu K, Murray JM, Roos DS (2008) Organellar dynamics during
the cell cycle of Toxoplasma gondii. J Cell Sci 121: 1559-1568. doi:
10.1242/jcs.021089. PubMed: 18411248.
35. Kafsack BF, Pena JD, Coppens I, Ravindran S, Boothroyd JC et al.
(2009) Rapid membrane disruption by a perforin-like protein facilitates
parasite exit from host cells. Science 323: 530-533. doi:10.1126/
science.1165740. PubMed: 19095897.
36. Radulescu AE, Shields D (2012) Clathrin is required for postmitotic
Golgi reassembly. FASEB J 26: 129-136. doi:10.1096/fj.10-167684.
PubMed: 21965600.
37. Tawk L, Dubremetz JF, Montcourrier P, Chicanne G, Merezegue F et
al. (2011) Phosphatidylinositol 3-monophosphate is involved in
Toxoplasma apicoplast biogenesis. PLOS Pathog 7: e1001286.
PubMed: 21379336.
38. Roth TF, Porter KR (1964) Yolk Protein Uptake in the Oocyte of the
Mosquito Aedes Aegypti. L. J Cell Biol 20: 313-332. doi:10.1083/jcb.
20.2.313. PubMed: 14126875.
39. Gerald NJ, Damer CK, O'Halloran TJ, De Lozanne A (2001)
Cytokinesis failure in clathrin-minus cells is caused by cleavage furrow
instability. Cell Motil Cytoskeleton 48: 213-223. doi:
10.1002/1097-0169(200103)48:3. PubMed: 11223952.
40. Niswonger ML, O'Halloran TJ (1997) A novel role for clathrin in
cytokinesis. Proc Natl Acad Sci U S A 94: 8575-8578. doi:10.1073/
pnas.94.16.8575. PubMed: 9238018.
41. Burgess J, Jauregui M, Tan J, Rollins J, Lallet S et al. (2011) AP-1 and
clathrin are essential for secretory granule biogenesis in Drosophila.
Mol Biol Cell 22: 2094-2105. doi:10.1091/mbc.E11-01-0054. PubMed:
21490149.
42. Hölzenspies JJ, Roelen BA, Colenbrander B, Romijn RA, Hemrika W et
al. (2010) Clathrin is essential for meiotic spindle function in oocytes.
Reproduction 140: 223-233. doi:10.1530/REP-10-0045. PubMed:
20522479.
43. Liu Z, Zheng Y (2009) A requirement for epsin in mitotic membrane and
spindle organization. J Cell Biol 186: 473-480. doi:10.1083/jcb.
200902071. PubMed: 19704019.
44. Acton SL, Brodsky FM (1990) Predominance of clathrin light chain LCb
correlates with the presence of a regulated secretory pathway. J Cell
Biol 111: 1419-1426. doi:10.1083/jcb.111.4.1419. PubMed: 2211818.
45. Liu SH, Marks MS, Brodsky FM (1998) A dominant-negative clathrin
mutant differentially affects trafficking of molecules with distinct sorting
motifs in the class II major histocompatibility complex (MHC) pathway.
J Cell Biol 140: 1023-1037. doi:10.1083/jcb.140.5.1023. PubMed:
9490717.
46. Doyon JB, Zeitler B, Cheng J, Cheng AT, Cherone JM et al. (2011)
Rapid and efficient clathrin-mediated endocytosis revealed in genome-
edited mammalian cells. Nat Cell Biol 13: 331-337. doi:10.1038/
ncb2175. PubMed: 21297641.
47. Kaksonen M, Toret CP, Drubin DG (2005) A modular design for the
clathrin- and actin-mediated endocytosis machinery. Cell 123: 305-320.
doi:10.1016/j.cell.2005.09.024. PubMed: 16239147.
48. McMahon HT, Boucrot E (2011) Molecular mechanism and
physiological functions of clathrin-mediated endocytosis. Nat Rev Mol
Cell Biol 12: 517-533. doi:10.1038/nrg3048. PubMed: 21779028.
49. Allen ML, Dobrowolski JM, Muller H, Sibley LD, Mansour TE (1997)
Cloning and characterization of actin depolymerizing factor from
Toxoplasma gondii. Mol Biochem Parasitol 88: 43-52. doi:10.1016/
S0166-6851(97)00069-8. PubMed: 9274866.
50. Bennett EM, Chen CY, Engqvist-Goldstein AE, Drubin DG, Brodsky FM
(2001) Clathrin hub expression dissociates the actin-binding protein
Hip1R from coated pits and disrupts their alignment with the actin
cytoskeleton. Traffic 2: 851-858. doi:10.1034/j.
1600-0854.2001.21114.x. PubMed: 11733052.
51. Kitakura S, Vanneste S, Robert S, Löfke C, Teichmann T et al. (2011)
Clathrin mediates endocytosis and polar distribution of PIN auxin
transporters in Arabidopsis. Plant Cell 23: 1920-1931. doi:10.1105/tpc.
111.083030. PubMed: 21551390.
52. Roos DS, Donald RG, Morrissette NS, Moulton AL (1994) Molecular
tools for genetic dissection of the protozoan parasite Toxoplasma
gondii. Methods Cell Biol 45: 27-63. PubMed: 7707991.
53. Huynh MH, Carruthers VB (2009) Tagging of endogenous genes in a
Toxoplasma gondii strain lacking Ku80. Eukaryot Cell 8: 530-539. doi:
10.1128/EC.00358-08. PubMed: 19218426.
54. Donald RG, Roos DS (1993) Stable molecular transformation of
Toxoplasma gondii: a selectable dihydrofolate reductase-thymidylate
synthase marker based on drug-resistance mutations in malaria. Proc
Natl Acad Sci U S A 90: 11703-11707. doi:10.1073/pnas.90.24.11703.
PubMed: 8265612.
55. Striepen B, Crawford MJ, Shaw MK, Tilney LG, Seeber F et al. (2000)
The plastid of Toxoplasma gondii is divided by association with the
centrosomes. J Cell Biol 151: 1423-1434. doi:10.1083/jcb.151.7.1423.
PubMed: 11134072.
56. Gaskins E, Gilk S, DeVore N, Mann T, Ward G et al. (2004)
Identification of the membrane receptor of a class XIV myosin in
Toxoplasma gondii. J Cell Biol 165: 383-393. doi:10.1083/jcb.
200311137. PubMed: 15123738.
Role of Clathrin in T. gondii
PLOS ONE | www.plosone.org 15 October 2013 | Volume 8 | Issue 10 | e77620
57. Donald RG, Carter D, Ullman B, Roos DS (1996) Insertional tagging,
cloning, and expression of the Toxoplasma gondii hypoxanthine-
xanthine-guanine phosphoribosyltransferase gene. Use as a selectable
marker for stable transformation. J Biol Chem 271: 14010-14019. doi:
10.1074/jbc.271.24.14010. PubMed: 8662859.
58. Mann T, Beckers C (2001) Characterization of the subpellicular
network, a filamentous membrane skeletal component in the parasite
Toxoplasma gondii. Mol Biochem Parasitol 115: 257-268. doi:10.1016/
S0166-6851(01)00289-4. PubMed: 11420112.
59. Wan KL, Carruthers VB, Sibley LD, Ajioka JW (1997) Molecular
characterisation of an expressed sequence tag locus of Toxoplasma
gondii encoding the micronemal protein MIC2. Mol Biochem Parasitol
84: 203-214. doi:10.1016/S0166-6851(96)02796-X. PubMed: 9084040.
60. Achbarou A, Mercereau-Puijalon O, Autheman JM, Fortier B, Camus D
et al. (1991) Characterization of microneme proteins of Toxoplasma
gondii. Mol Biochem Parasitol 47: 223-233. doi:
10.1016/0166-6851(91)90182-6. PubMed: 1944419.
61. El Hajj H, Lebrun M, Arold ST, Vial H, Labesse G et al. (2007) ROP18
is a rhoptry kinase controlling the intracellular proliferation of
Toxoplasma gondii. PLOS Pathog 3: e14. doi:10.1371/journal.ppat.
0030014. PubMed: 17305424.
62. Sadak A, Taghy Z, Fortier B, Dubremetz JF (1988) Characterization of
a family of rhoptry proteins of Toxoplasma gondii. Mol Biochem
Parasitol 29: 203-211. doi:10.1016/0166-6851(88)90075-8. PubMed:
3045541.
63. Carruthers VB, Håkansson S, Giddings OK, Sibley LD (2000)
Toxoplasma gondii uses sulfated proteoglycans for substrate and host
cell attachment. Infect Immun 68: 4005-4011. doi:10.1128/IAI.
68.7.4005-4011.2000. PubMed: 10858215.
64. Starnes GL, Jewett TJ, Carruthers VB, Sibley LD (2006) Two separate,
conserved acidic amino acid domains within the Toxoplasma gondii
MIC2 cytoplasmic tail are required for parasite survival. J Biol Chem
281: 30745-30754. doi:10.1074/jbc.M606523200. PubMed: 16923803.
65. Ferguson DJ, Henriquez FL, Kirisits MJ, Muench SP, Prigge ST et al.
(2005) Maternal inheritance and stage-specific variation of the
apicoplast in Toxoplasma gondii during development in the
intermediate and definitive host. Eukaryot Cell 4: 814-826. doi:
10.1128/EC.4.4.814-826.2005. PubMed: 15821140.
66. Ferguson DJ, Hughes DA, Beesley JE (1998) Immunogold probes in
electron microscopy. Methods Mol Biol 80: 297-311. doi:
10.1007/978-1-59259-257-9_31. PubMed: 9664388.
67. Harper JM, Zhou XW, Pszenny V, Kafsack BF, Carruthers VB (2004)
The novel coccidian micronemal protein MIC11 undergoes proteolytic
maturation by sequential cleavage to remove an internal propeptide. Int
J Parasitol 34: 1047-1058. doi:10.1016/j.ijpara.2004.05.006. PubMed:
15313131.
Role of Clathrin in T. gondii
PLOS ONE | www.plosone.org 16 October 2013 | Volume 8 | Issue 10 | e77620
